Abstract The estimation of gestational age (GA) in fetal human remains is important in forensic settings, particularly to assess fetal viability, in addition to often being the only biological profile parameter that can be assessed with some accuracy for non-adults. The length of long bone diaphysis is one of the most frequently used methods for fetal age estimation. The main objective of this study was to present a simple and objective method for estimating GA based on the measurements of the diaphysis of the femur, tibia, fibula, humerus, ulna, and radius. Conventional least squares regression equations (classical and inverse calibration approaches) and quick reference tables were generated. A supplementary objective was to compare the performance of the new formulae against previously published models. The sample comprised 257 fetuses (136 females and 121 males) with known GA (between 12 and 40 weeks) and was selected based on clinical and pathological information. All measurements were performed on radiographic images acquired in anonymous clinical autopsy records from spontaneous and therapeutic abortions in two Portuguese hospitals. The proposed technique is straightforward and reproducible. The models for the GA estimation are exceedingly accurate and unbiased. Comparisons between inverse and classical calibration show that both perform exceptionally well, with high accuracy and low bias. Also, the newly developed equations generally outperform earlier methods of GA estimation in forensic contexts. Quick reference tables for each long bone are now available. The obtained models for the estimation of gestational age are of great applicability in forensic contexts.
Introduction
The development of methods for the appropriate study of the skeletal remains of deceased fetuses and newborns has been fraught by the shortage of identified osteological collections [1] . Despite this limitation, several studies have attempted to provide reliable methods that allow the construction of the biological profile of fetuses [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Frequently, estimated age (which corresponds to gestational age (GA)) in fetal remains through anthropological examination is the single obtainable parameter of the biological profile [1, 15, 18] . The age of fetal human skeletal remains has been recurrently estimated from long bone diaphyseal length, using different empirical approaches [2, 4, 7] . Although dental age is usually more accurate than skeletal age is, for fetuses, taking into account that crown mineralization only occurs between the 3rd and 4th months and due to their very small size, bone age becomes, in many instances, the only available method [19] .
The state of preservation of deceased individuals in a legal context is of vital concern to forensic anthropology (FA). The forensic anthropologist is frequently involved in the analysis of cadaveric remains in different states of preservation-the belief that FA only focuses on skeletonized remains is no longer tenable-including remains with soft tissues, from intact and well-preserved corpses to cadaverous remains with different states of concomitant preservation, or dismembered bodies [20, 21] . In order to address this contextual paradigm, the current study was designed considering the application of FA methodologies both to skeletonized and non-skeletonized human remains.
As such, the main goal of this study was to update fetal radiographic data using a validated method [4] , providing a simple and objective methodology to calculate fetal and newborn GA from the length of long bone shafts (namely the humerus, radius, ulna, femur, tibia, and fibula). In order to fulfill this objective, Portuguese population-based equations for each of the diaphysis were established using conventional least squares regression (inverse calibration and classical calibration procedures were both employed and compared). Also, reference tables to simplify gestational age estimation were created for each bone. An ancillary objective was to ascertain the operational reliability of the new formulae in contrast to previously published work by other authors [4, 10, 14] .
Materials and methods
This retrospective cohort study was based on a validated method, using plain radiographs (XR) from fetuses of known gestational age (established by maternal menstrual history and first trimester sonographic data). XR measurements were preferred over ultrasound measurements, as they are more reliable and can easily be used when the subject of study (in forensic context, for instance) retains soft tissues [4, 5, 22] . XR records were collected in a hospital background; as such, the fetuses belong to an identified sample, which is of great empirical value to develop population-specific aging techniques [3] [4] [5] .
Anonymous fetopathological clinical autopsy records from spontaneous and therapeutic abortions (i.e., none of the Measurements of the diaphyseal (i.e., the ossified shaft of the developing bone [4] ) length of the long bones chosen for this study were taken with Screen Calipers 4.0 (Iconico, Inc. ©). Whenever necessary, the obtained value was converted to scale (included in the XR). As a rule, the measurements were performed on the left side, with the fetus placed in anteroposterior position; otherwise the measurements were taken with the fetus placed laterally (Fig. 1 ). The calculation of GA was made in weeks, following the standard terminology used in obstetrics [23] [24] [25] and forensic sciences [26] . Classical formulae calculate GA in lunar months [10, 27] . All statistical analyses were performed with IBM® SPSS® (version 21.0). Gestational age and the longitudinal dimensions of long bones were treated as continuous variables. Descriptive statistics, namely group means, standard deviation (SD), and 95 % confidence intervals (95 % CI) for the mean, were estimated for each continuous variable. The normal distribution of the variables was assessed through the skewness and kurtosis of the distributions [28] . All the variables are modeled by a normal distribution. The homogeneity of variances was assessed with a Levene's test. A subset of 30 individuals was randomly selected in order to analyze intraobserver and interobserver measurement error. The first author (CC) completed the measurements in two different sessions. A second observer (FC) executed all the measurements in the same individuals. The reliability of the method was evaluated with the relative technical error of measurement (rTEM) [29, 30] . A Student's t test for independent samples was used to evaluate the null hypothesis that the length of long bones in the sexual groups was equal. Conventional least squares regression analysis was applied to estimate gestational age at death. The simplest structure of regression (single linear regression) assumes a linear relation between two variables and can be expressed by the following equation:
where x is the independent variable, y is the dependent variable, a is the value of y when x equals zero, b is the slope in y with x, and e is the random error in y [31] . It is presumed that the dependent variable presents a statistical uncertainty and that the errors show a normal distribution around the true values with constant variance, while x is error-free or almost [32] . Both classical and inverse calibration models were used to predict gestational age at death. In the linear inverse calibration model, gestational age is used as the response variable (y) and diaphysis length as the independent, or predictor, variable (x). In classical calibration, x is the variable for which estimates are to be made and not y as in inverse regression analysis [31] . In this case, that means that GA is x and the diaphysis length is y and a regression of GA on the length of long bone diaphysis is executed. The reliability (accuracy and bias) of classical and inverse calibration models was compared in an independent validation sample (N = 30), i.e., a sample of fetuses that were not used to construct the equations. The performance of the equations generated in this study was also compared with previously published aging techniques from the diaphyseal length of fetal remains [3, 4, 10, 13] .
Accuracy was evaluated through the mean absolute error (MAE) [33] , as follows:
Bias (or systematic error) was calculated using the mean error (ME) [33] :
Results
In order to control the accuracy and precision of the measurements, intraobserver (repeatability) and interobserver (reproducibility) errors were calculated using the rTEM [29, 30] . Measurement error results are epitomized in Table 1 . Long bones diaphyseal length is not significantly different between males and females ( Table 2 ); as such, the sexes were pooled together to build the linear models.
All bones present a very strong positive correlation between longitudinal length and documented GA. The correlation between femoral length and GA was the strongest (Fig. 2) . Femoral diaphysis length also provides the best estimate of gestational age considering both SEE (2.00) and MSE (1.51). On the whole, the radius presented the largest amount of error (inverse calibration: adjusted R 2 = 0.900; SEE = 2.48/ classical calibration: adjusted R 2 = 0.900; MSE = 1.98). Multivariable models were not considered due to multicollinearity problems. The linear models for each of the long bones are summarized in Tables 3 (inverse calibration) and 4 (classical calibration).
The descriptive statistics for the diaphyseal length of each long bone, divided in six age groups (in weeks of gestation), are available in quick reference tables (Tables 5, 6 , 7, 8, 9, and 10). These tables include the mean length of each bone, the standard error with a 95 % confidence interval, and the number of cases studied.
In order to validate the equations, they were tested in a different sample. Therefore, to avoid methodological bias, 30 fetuses of documented gestational age not included in the original regression analyses were used to evaluate the reliability to estimate GA in fetal remains of both classical and inverse regression models. Both models are very accurate, although showing a negligible tendency to overestimate GA. Accuracy (using mean absolute difference as surrogate) is usually slightly better in the inverse calibration models, with the regression formula for the femur performing especially well. On the other hand, bias is marginally smaller in the classical calibration models-except for the femur. The accuracy of the new regression equations was also compared with equivalent formulae developed by Adalian (2001), Adalian et al. (2001) , and Scheuer et al. (1980) [3, 4, 14] . The results of the application of Fazekas and Kósa's models (1978) [10] to our data were also equated, as they are recurrently applied in forensic contexts. This model is a two-step methodology: it first calculates body length from each bone diaphysis' length and only then a second formula converts the obtained values into GA-with the age range in lunar months. As such, the GA was converted to weeks. As a rule, the new models performed better, presenting a higher accuracy and a smaller bias-closely followed by Adalian's models [3, 4] . Models by Scheuer et al. [14] were the least accurate and the most biased. All results are epitomized in Table 11 .
Discussion
The estimation of gestational age is often the only attainable parameter of the biological profile in fetal remains. As such, it is essential to generate reliable methods for the estimation of gestational age in fetuses both in forensic [3] [4] [5] 7] and archaeological contexts [34] . For a long time, Fazekas and Kosa (1978) [10] was the only reference available for the forensic community though it was evident that it was not that adequate.
More recently, authors such as Adalian (2001) [3, 4] published new references and the same was done by us [7] , on the basis of a smaller sample and based in less diaphysis. Measurement protocol is reproducible, with the measurements accomplished within appropriate levels of measurement error-for both the same and different observers. The fetal and perinatal autopsy usually integrates skeletal radiographs [35] , which are less prone to measurement error than ultrasonographic images [4, 5, 22] . Also, in forensic contexts, a radiographic approach should be favored when skeletal preparation is unfeasible in practice or socially objectionable [5] .
Descriptive data displays a consistent pattern of skeletal growth among individuals who died during the perinatal period-although there is slightly greater growth acceleration, less perceptible in the femur and the tibia, between the 12th and the 22nd week of gestation. There is a strong linear relationship between gestational age and the length of long bones, in accordance with previous radiological and sonographic studies [6, [23] [24] [25] 36] . Gestational age estimation formulae were established for the sexes combined, acknowledging the statistical undifferentiated length of long bones diaphysis between sexes even in fetuses closer to term. Linear calibration models (both inverse and classical calibration) for the different long bones generated accurate predictions of GA, with the femur and the tibia conveying the best estimates. This is especially relevant as the bones from the lower limb are usually the most well-preserved skeletal elements [37] . Inverse calibration models show a better, but negligible, accuracy in the estimation of GA, which is theoretically expected since this approach produces lesser mean quadratic errors in interpolations [32] . On the contrary, systematic bias is smaller, although slightly, in the classical calibration models, excluding the femur. An artifact in the construction of the linear model-namely the asymmetry in the treatment of variables, in which age is considered the dependent variable-leads to significant biases in the skeletal estimation of age [31, 38] . Typically, there is a regression toward the mean effect that will cause an overestimation of age in younger individuals and an underestimation in older individuals [31, 34, 39] . In any case, both models (classical calibration and inverse calibration) perform exceptionally well, with high accuracy and low bias. This is particularly obvious in the case of the femur. Inverse and classical calibration models are not homologous or transposable, but they are related and share the same coefficient of determination [32] : when this coefficient comes close to 1, as in the case of most linear models fitted in this study (adjusted R 2 always equal or superior to 0.9), the difference between the classical and inverse procedures is minimized [37, 38] . In simple terms, the higher the correlation, the lesser is the bias [31] .
The newly developed linear equations outperform previously published methods of fetal gestational age estimation-except in the case of the humerus-in a holdout sample. In general, Adalian's equations [3, 4] performed almost as well as the new regression models, which can be justified by sample and methodological similarities: anonymous fetopathologic examination records of recent fetuses with known GA, in a European hospital context, with the employment of inverse calibration to construct gestational age prediction equations. Interestingly, Fazekas and Kósa's equations [10] were also highly accurate and unbiased, in spite of their acknowledged methodological limitations, namely the unknown fetal gestational age of the sample and the use of a Btwo-step procedure^in which bone length is converted in body size and only then transformed into GA. Finally, reference models proposed by Scheuer et al. [14] were less exact and more biased. Even though the methodology is similar to the one used in this study (and also to Adalian's procedural technique [3, 4] ), the sample is utterly different, encompassing only individuals that died between 24 weeks of GA and six postnatal weeks. As such, Scheuer et al.'s [14] technique may not be suitable for younger fetuses. Each of these four methods is based on samples from different countries. It is a known fact that populations show differences in rate, timing, and duration of growth over time (secular trends). These differences are usually attributed to environmental factors such as nutrition and disease which, being cumulative, partially explain the fact that estimated age is less accurate with increasing age [40] . Thus, even if there is no evidence of dramatic differences between populations when concerning fetuses, it would be of great value to apply the new formulae to non-Portuguese samples, ideally radiographic ones, from a different major geographic area, such as Africa or Asia, in order to substantiate their wide-reaching applicability.
Furthermore, the validation of the regression equations here developed provided good results, proving their usefulness.
Final remarks
The newly proposed models for GA estimation from long bones length are very accurate and unbiased, both in the classical and inverse regression approaches. The procedural technique is easily applicable and reproducible and appropriate for settings involving not only dry bones but also semidecomposed remains. No differences in measurements were established between sexes, suggesting that sex-specific references for these particular skeletal measurements are not required. Quick reference tables for each long bone are also available for a fetal sample of Portuguese origin.
Limitations of this study include the clinical determination of gestational age based on maternal menstrual history and ultrasound data and the cross-sectional nature of the data. The submitted models should undergo supplementary confirmation in independent fetal material (especially in skeletal dry remains) in order to confirm their reliability in forensic and bioarcheological contexts.
